Urbanization affects the microbial loading into tropical streams, but its impact on water quality varies across watersheds. Rainfall in tropical environments also complicates microbial dynamics due to high seasonal and annual variations. Understanding the dynamics of fecal contamination in tropical surface waters may be further hindered by limitations from the utilization of traditional microbial indicators. We measured traditional (Enterococcus spp. and Escherichia coli), as well as alternate (enterophages and coliphages) indicators of fecal contamination in a tropical watershed in Puerto Rico during a 1-year period, and examined their relationship with rainfall events across an urbanization gradient. Enterococcus spp. and E. coli concentrations were 4 to 5 logs higher in non-urbanized or pristine sites when compared to enterophages and coliphages, suggesting that traditional fecal indicator bacteria may be natural inhabitants of pristine tropical waters. All of the tested indicators were positively correlated with rainfall and urbanization, except in the most urbanized sites, where rainfall may have had a dilution effect. The present study indicates that utilizing novel indicators of microbial water quality may improve the assessment of fecal contamination and pathogen risk for tropical watersheds. determine the microbial quality of waters. PCR-based methods have several advantages, including high-specificity and the reduced time to obtain results (Wade et al. ), but there are significant drawbacks. These still primarily target 796
INTRODUCTION
The microbial quality of tropical watersheds is traditionally monitored using Enterococcus spp. and Escherichia coli. 
MATERIALS AND METHODS

Sample collection and sampling sites
A total of 15 sampling sites were selected within the La Plata River Watershed in Puerto Rico (Figure 1 ). The sites were selected because they exhibited a gradient of urban development within the watershed. Two of the most forested sampling sites were located within the Carite National Forest Reserve, while the most urbanized sites were located in the town of Cayey. The sites were also selected to allow safe water collection even during extreme precipitation events and to allow the samples to be transported to the lab for analysis within 6 h of collection. Sampling started in June 2013 and ended in June 2014. In general, sampling tours would be organized on a weekly basis to sample the eight sites that are located upstream of the densely urbanized town center, and the seven sites which are located downstream of the town center. Sampling was done by hand at small streams with foot access using sterile 500 mL bottles. Collection points located over high bridges were sampled using a 1-liter NASCO bag, and collection points at sites with low bridges were sampled using a 1-liter sterile bottle connected to a pole.
Collection of precipitation databases
Precipitation data were collected with a RainWise MK-III station located at 18 W 07 0 06″N 66 W 09 0 45.0″W, at the University of Puerto Rico at Cayey. The average annual rainfall for the entire watershed study area is 1,625 mm, and the pluviometer is located in an area whose annual precipitation is 1,429 mm (Daly et al.
). The data collected by the station were compared for accuracy to data collected by other USGS pluviometers and to pluviometers deployed by the research team.
Enumeration of alternate and traditional indicators
For the enumeration of the alternate indicators, 50 mL of fresh water sample was processed using the single-layer method as described ( Figure 1 | Sampling sites in the present study. Sampling sites included pristine sites and sites that followed a gradient of urbanization.
Spatial analysis
The basins for each sampling site were defined using the SRTM significantly in size and fraction of road cover (Figure 1 ).
Statistical analysis
For the statistical analysis, MPN and PFU values per 100 mL were normalized by a log 10 -transformation, with non-detect data assigned a log 10 normalized value of 0.0.
In 8% of the samples, the maximum detection levels of traditional indicators were measured and these were used without modification; discarding these values instead had qualitatively little effect on the resulting analysis. To quantify rainfall, total precipitation in the 48 h previous to sampling (P 48 ) was calculated for every sampling day. The 
RESULTS
Correlation of enterophages and coliphages detected at 4 and 24 h
A total of 366 and 348 samples were processed for the detection of enterophages and coliphages, respectively. PFU/ 100 mL data detected at 4 h and 24 h for enterophages were strongly correlated (R 2 ¼ 0.959) (Figure 2(a) ), and for coliphages there was a weak correlation (R 2 ¼ 0.264) ( Figure 2(b) ). These correlations suggest that data obtained at 4 h could be similar in utility to the data obtained at 24 h in terms of determining the extent of the fecal contamination.
Correlation of alternate and traditional indicators with rainfall and urbanization
A total of 388 samples were processed for the detection of the traditional indicators. We found a positive correlation between each of the indicators tested and P 48 in the majority of the sampling sites (Table 1) where >8.38 mm of rain was necessary to see a significant (P < 0.001) increment in the mean (Figure 3(b) ). The effect of different rainfall on the coliphages was not as noticeable, where a 0.7 log increase resulted from a threshold of >8.13 mm of rain (Figure 3(c) ), but the difference in samples after more than 8.13 mm of rain was statistically significant (P < 0.05). Enterococcus spp. numbers increased 1.0 log in samples with >8.38 mm of rain (Figure 3(d) ), and an increase of 1.5 logs for E. coli was noted with a threshold of >8.38 mm of rain, which also met statistical significance (P < 0.001) (Figure 3(e) ). Shown are the sampling site elevation (m), the basin area (ha), the ratio of total road length to basin area (meters/ha) and the slopes, R 2 and P-values for each indicator at each of the sampling sites.
Multi-linear regression was used to compare the importance of rainfall and urbanization in determining the microbial dynamics of each indicator ( Table 2) most urban site (Figure 4 ). In the most pristine sites (white bars), heavy rainfall (>8.38 mm) increased the detection of the enterophages (Figure 4(a) ), coliphages (Figure 4(b) ),
Enterococcus spp. (Figure 4(c) ) and E. coli (Figure 4(d) ) by approximately 1.0 to 2.0 logs. In the most urbanized sites (dark gray bars), recent rainfall did not have a clear effect on the contamination measured through enterophages (Figure 4(a) ), Enterococcus spp. (Figure 4(c) ), or E. coli (Figure 4(d) ); yet, data showed that rainfall had a clear dilution effect on the coliphages (Figure 4(b) ).
DISCUSSION
While several studies have analyzed the microbial quality of 
